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the characteristics and turbulent models that are considered suitable for use in in the
pico hydro turbine. This study aims to explain flow characteristics to determine
whether turbulent flow would occur and recommends a turbulent model that may be
applied to a pico hydro turbine. To achieve the objectives of the study, several methods
are used, including asymptotic invariance (Reynolds number analysis), local invariance,
theoretical analysis and a literature study. This study found that the flow profile that
occurs is irregular; the Reynolds number flow is 420,972, within the turbulent flow
category; vorticity occurs with the prediction using isotropic assumptions; flow
dissipation occurs; and is continuous because turbulent kinetic energy is supplied from
the main flow. Thus, the category of water flow in a pico hydro turbine with power
potential 1 kW is turbulent. The literature study reveals that the prediction of turbulent
flow in the pico hydro turbine can be realized by three models: standard k-€ is
recommended for the overshot waterwheel, RNG k- is recommended for the
undershot waterwheel and cross-flow turbine, SST k-w is recommended for propeller
or openflume, Pelton, breastshot waterwheel and Turgo turbines. However, these
recommendations do not constitute a final conclusion because a good turbulent model
is based on actual conditions.
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1. Introduction

The three main methods used in this study of the pico hydro turbine are a literature study, the
experimental method and the computational fluid dynamics (CFD) method. The literature study is
used to establish the state of research in pico hydro turbines [1]. The experimental method is used
for determining turbine performance and developing the basic theory of turbine design [2]. Finally,
the CFD method is used to determine turbine performance, which is then used for optimization [3].
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There have been many studies that used the methods above of pico hydro turbines; these studies
were intended to determine which components or turbines are suitable in certain conditions.
Williamson and Simpson [4] conducted a feasibility study of independent power plants for remote
areas and concluded that the pico hydro turbines would be suitable for those environments.
Williamson and Simpson [4] suggested diameter sizes of penstock for use with maximum 10% head
loss. A feasibility study was performed by Lahimer et al., [5], who concluded that pico hydro is the
most effective means of supplying household electricity needs due to lower investment and
operational costs than other alternatives. To discover which turbine types were suitable under low
head conditions (<3.5 m) Williamson et al., [1] analysed 13 types of pico hydro turbines using
guantitative and qualitative methods. Williamson et al., [1] concluded that a propeller turbine with
a draft tube and a single-jet Turgo turbine was most suitable for remote areas.

Researchers have also examined the electrical systems associated with pico hydro. Haidar et al.,
[6] reviewed the typical generator and electrical system used with pico hydro. From the experimental
results, Haidar et al., [6] recommend a DC current due to its low voltage and the ampere generated.
Gladstone et al., [7] studied the most appropriate electrical system to use in pico hydro systems. The
result of the study determined that the battery is suitable because the generated power is low and
fluctuating, so that it cannot be directly utilized; it may shorten the lifetime of electronic equipment.
Ridzuan et al., [8] analysed the piping system without a forebay to determine the effect of turbine
power and found that the DC electrical system was suitable for pico hydro.

The previous studies have not reviewed the turbulent models used in each type of turbine.
Turbulent models are used to predict the flow pattern that will occur when the turbine is in use.
Accurate turbulent models will produce CFD results that can represent actual conditions. Its
developing technology makes the CFD method widely used to facilitate visualization of physical
phenomena not conducted using other methods, is no exception on pico hydro turbine [9]. The
precise result of the CFD method on the pico hydro is turbulent model. The turbulent model is
assumed because it provides computational results such as torque, power, and efficiency [10].
However, studies using turbulent models of pico hydro were based only on assumptions such as k-¢,
turbulent models used because they use only two (simple) equations and have fairly low
computational power. The SST k-w turbulent model is used because it can represent turbulent flow
near the wall and so on.

This study aims to determine the nature of the turbulent flow produced and recommends a
turbulent model that may be applied to each type of pico hydro turbine. This work is a continuation
of previous work [11]. However, the previous work did not clearly demonstrate whether the flow
occurring is turbulent or laminar and only reviewed three types of turbine.

2. Methodology
2.1 The basic equation on turbulent flow

There are many basic equations that are used to describe turbulent flow. These include the
Reynolds number (R,), boundary layer thickness turbulent (&;,5), mixing length, turbulent kinetic
energy, turbulent rotational speed, and dissipation rate. Determination of Reynolds number (R,)
using Eq. 1 [12]:

R, =22 =22 1

The boundary layer thickness turbulent is a stream line formed by flow through the flow field.
The boundary layer thickness turbulent (8;,,) using Eq. 2 [13]:
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Sy = 0,37R,Y/°X (2)

The mixing length (l,, is a random displacement process of the fluid particles over a certain
distance [14]. From the experimental results, the [,,, is determined by Eq. 3 or 4 [15]:

lm:K_y:6 (3)
=5 @)

Eq.3fory < dandEg.4toy = 4.
Fluctuations in the fluid velocity vector cause fluid shear stress between the particles; this is
represented by Eq. 5 [14]:

2 (du 2
Tourb = Plm (5) (5)

The turbulent kinetic energy (k) is the energy contained by the magnitude of a flow vortex [15].
Eqg. 6 representation of k [15]:

k = (u? + 7% +w?)/2 (6)

To facilitate the analysis of turbulent flow, the most commonly used assumption is isotropic (the
velocity of the three axes is considered to be the same) [15], [16]. So Eq. 6 becomes:

k=>@? (7)

Tennekes and Lumley [16] observe that the rotational velocity eddy (u) divided by average
velocity (U) is proportional to the boundary layer thickness (&) divided by the characteristic length
of the flow field (X) or § /X ~ u/U.

The dissipation rate () is the energy transfer from high to low eddies [16]. € on the turbulent
flow is dependent on viscosity and the velocity gradient (shear). Eq. 8 representation of £ [17]:

e = 15v(0u,/9x,)? (8)
2.2 Kolmogorov’s Theory

There are two basic hypotheses of Kolmogorov’s theory: isotropic and anisotropic assumptions.
The difference between these two assumptions is in the two boundary layer thicknesses formed:
with an isotropic of | < [, , velocity function becomes u'? = v'2 = w'2, with an anisotropic of | <
lg; , the value of the boundary layer thickness is lg; = [,/6 [17]. Kolmogorov in calculating turbulent
flow introduced the Reynolds number to Kolmogorov’s scale (R,,) [17]. There are three scales: length
scale, velocity scale and time scale [16].
length scale (n):

1/4

- E

&
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velocity scale (uy):

U, = (EU)% (10)

time scale (ty):

1
T, = (v/e)3 (11)
2.2 Taylor Microscale

The Taylor microscale (A) is the definition of turbulent values in sub-inertia [17]. From the
experimental result, A is function of velocity: (du;/9x,)% = U2 /A* = u'2/A%. So, to determine
dissipation rate from the Taylor microscale [17]:

g = 15vu'2/A\? (12)

k=0/2)W?+v?+w?),u? = (é)k, so € = 10vk /A%, and then A = (10vk /€)Y/2.
The Reynolds number Taylor scale (R)) is a function of the length scale, and the length scale is a

function of the velocity scale, from Taylor’s hypothesis that the R, is defined from Reynolds number
[17]:

Re=ul=(% Re)l/2 (13)

2.3 The Energy Transfer Rate and Wavenumber (K)

Some CFD software uses a n to determine the wavenumber (nk). Kolmogorov established a ratio
of values for isotropic assumptions at a small scale. The previsions in reference are [17]: first, the
magnitude of the initial eddy (I) should be smaller than the eddy at the end of energy production
(lg;) orl < lg;. Second, the assumption for eddy quantity at the point of energy production ends (l;)
is lg; = ly/6. And third, the eddy size at the beginning of the dissipation rate (Ip;) is 60 times the
length scale (Ip; = 60n).

2.4 Spectrum Normalization
Spectral normalization is a way of knowing the analytical position of energy production, sub-range
inertia and when the rate of dissipation is ended. The dimensional volume of the energy spectrum

per acceleration by flow is m3s™2 [17]. To get dimension volume per acceleration requires analysis
of dimensions k, € and k. The dimensional analysis for k = m?s™2, ¢ = m?s73, Kk = m™~! so that the

energy spectrum is E(k) = E =m3s™2 or £2/3k75/3 = m3s72, s0 [17]:

E(k) =Ce?/3k5/3 (14)

Cis Kolmogorov’s constant (C = 1.5). In CFD software, to determine the overall energy spectrum, new
functions have been added to the analysis: production range (f,) and dissipation range (f,):
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Production range (f;):

f = (m)mwﬁ (15)
Dissipation range (f;):

fyy = exp {—B {[[(KI])4 + an]]1/4 - Cn}} (16)
Eqg. 15 and 16 added to the left side of Eq. 14:

E(k) =Ce2/3k~>/3f, f, (17)

The constants are determined from the previous study: C; = 6.78; G, = 040;C = 1.5 Py=2;8 =

5.2. This study only uses energy spectrum Kolmogorov’s scale, which in the label x is nk and in the
label y is E(k)/(nu,2).

2.4 Method

Study literature of turbulent Analysis of Re numbers,
model applicationineach [=—— flow and mathematical
turbine type characterization

1] -
Analysis of flow patterns
Turbulent models are ¥ ] p :
that occur in each turbine
used
type

Analysis of > Vortex
error value? # Recirculation
» Back ward facing

Computing power Specification of each The advantagesand
reguirements RANS turbulent model disadvantages
> k-e .
» RSM k- model?
> SST k-w j

Fig. 1. Flow chart of study

This study uses two methods used: theoretical analysis and a literature study. The theoretical
analysis involves three elements: asymptotic invariance, local invariance and mathematics
(calculating the value of turbulent kinetic energy, the dissipation rate and the energy spectrum) [16].
The literature study is used to analyse the advantages and disadvantages of each turbulent model,
such as their governing equations, their computing power requirements and their usability
specifications. In addition, the study seeks to determine the use of the turbulent model in pico hydro
turbines, then applies turbulent model based on error analysis (comparison of the simulation with
experimental results). The activities undertaken in this study can be seen in Figure 1. The
measurement of the flow velocity distribution was taken using a pitot tube connected to a pressure
sensor and sent to a computer using DAQ (data acquisition). The length of the observation is 0.85
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meters, the height of the first point (x = 0) is 0.34 meters and height of the second point (x = 0.85) is
0.36 meters.

3. Results and Discussions
3.1 Theoretical Analysis

The result of observation by the asymptotic invariance method found that the Reynolds number
on the pico hydro turbine open channel is 460,972, which indicates a turbulent flow (Re > 200,000)
[14]. The local invariance method found that the flow characteristics were steady and non-uniform.
Steady means that the geometry of the passage does not change with time (spatial) [18]. Non-
uniform means the properties of the stream change from point to point so as to make the shape of
the flow change over time (temporal) [18].
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Fig. 2. The pressure dynamic fluctuation

measurement at y=0.5 and x=0.5

Measurement of the pressure water dynamic from 0.05 to 0.34 cm flow height are categorized
fluctuation. The measured dynamic pressure is converted to velocity so that velocity over time
fluctuates and also indicates turbulent flow [12]-[13]. Visualization of the pressure dynamic
fluctuations is represented in Figure 2. It is assumed that the flow velocity on the wall (y=0) is 0, so
the velocity distribution from y=0to y=0.34 m is:
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Fig. 3. The velocity distribution at x=0 by present  Fig. 4. The velocity distribution by Davidson’s
work study
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The observed results show the average velocity flow (&) of 0.798 m/s on a height of + 2 cm and
with an average turbulent intensity (7/) of 3%. The exponential approach is used to facilitate the
prediction of velocity profiles located within a certain height, and the indications of velocity
distribution are similar when compared to Davidson's study [19]. The velocity profile in Figure 3
resembles a turbulent flow profile with an n value of 8.5 [14].

The determination of a turbulent model depends on the understanding of turbulent shear stress.
The shear stress is caused by the random motion of particles; in this case, that motion is particle
velocity (flow velocity). From the result of plotting farther from the wall, turbulent shear stress
decreases because turbulent intensity (7/) increases. Based on measurement, the maximum
turbulent shear stress of 0.712 N with an indication is turbulent flow [14].

Drag coefficient is a function of the roughness of the wall surface [16]. Thus, turbulent flow is also
affected by this roughness. The level of turbulence flow can be known through an analysis of the drag
coefficient. In Figure 5, the maximum drag coefficient of 0.041 is categorized as a full turbulent flow
(see Heald’s graph) [20].

The dissipation rate occurs when the mixing length (lp;) is proportional to 60 times the length
scale (n) (Ip; = 60n). The results of the calculations performed are similar to those of Kolmogorov
and Taylor [17]. In the inertial subrange, the curve formed is linear because the energy cascade in the
mean flow is conservative. This is because the total amount of energy dissipated per unit mass and
time is € and the spectral energy flux is equal to € [16]. In addition, when viewed from the curve
pattern, the curve shape in Figure 6 is similar to Lesieur’s analysis in its low Prandtl number [21].
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Fig. 5. The height flow relationship to turbulent
shear stress and coefficient shear drag

3.2 The Literature Study
Before discussing the application of turbulent models that have been used in pico hydro turbines,

the advantages and disadvantages of each turbulent model will first be discussed. Table 1 represents
advantages and disadvantages of turbulent models.
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Table 1
Comparison of Reynolds Average Navier-Stokes (RANS) turbulent models

Advantages and disadvantages of turbulent model

Description
k-€ RNG k-¢ SST k-w RSM k-g
7 transport equations
) 2 governing 4 transport equations  (convection +
) 2 governing equations (k-w) + area near wall  Production + strain
Governing . . . .
equation equations (k- €) +inverse (F1) and strain rate pressure + Diffusion
q (k-¢€)[19] Prandtl number (a) magnitude (F2) [22],  (time and viscosity) +
[10] [23] production buoyancy
+ dissipative) [19]
. Good enough for Special for swirl flow Valldat|0|.q turbulgnt Suitable for
Usability model using rotating

general flow analysis [10]
simulation [10]

complicated flow and

ificati )
specitication have convection [19]

velocity flow [22],
[23]

Power computing Simple General Medium High

The literature study included 14 studies concerning seven turbines (openflume, Pelton, Turgo,
cross-flow, undershot, breastshot, and overshot turbine) that compare simulation results with
experimental.

Table 2
Analysis of the application of the turbulent model and turbulent flow on pico hydro
The vortex flow Error simulation with experimental
Type of turbine patterns that
occur k-g RNG k-€ SST k-w RSM k-g
Propeller S[‘;Z(;”a‘:]adr‘;log‘f' 50% [26] and ) 0,2 - 2% [28] and )
0, 0,
hole vortex [25] 10% [27] 4% [29]
Irrotational o 3,5% [31] and
Pelton vortex [30] Not good [31] 11% [27, 28] 4,8% [33]
Turgo Secon([j??;\]/ flows 17% [35] - Very Good [36] -
Flow o o o
Cross-flow recirculation [37] 22% [38] 4% [39] 28% [40]
Undershot Eddies flow [41] - Recommended - -
Overshot Free-surface Recommended - - -
vortex [42]
Breastshot Free-surface - 5% [43] - -

vortex [42]

3.4 Discussion
3.4.1 k-¢ Standard

There are two basic reasons why k-¢ is suitable for the overshot waterwheel. First, turbulent flow
occurs only in the water channel. Second, when the water is in the bucket, the turbulent flow does
not significantly affect the energy conversion process. This means that the turbulent flow is
categorized as simple. The k-¢ turbulent model is suitable means of obtaining results for use when
computing power is a consideration.
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3.4.2 Renormalization Group (RNG) k-

The RNG k-¢ turbulent model is fairly simple but can produce more precise results than standard
k-g because the flow near the wall is analysed more thoroughly [44]. In addition, the development of
this model is mostly done by the recirculation flow that occurs in the internal impeller cross-flow
(turbine or fan) [37], [45], [46]. However, for simple cases this model is considered too diffuse if the
value a (inverse Prandtl number) is not adjusted to the actual conditions [10].

After the water hits the blades of the undershot and cross-flow turbines, the stream flow
expands, resulting in an increasing pressure that causes recirculation flow. The recirculation flow
must be precisely identified because this flow can decrease the water power to be converted [47].
As seen in Table 1 and 2, it is reasonable that the RNG k-g£ has an error value smaller than other
models.

3.4.3 Shear Stress Transport (SST) k-w

SST k-w is a turbulent model developed by Menter [22], [23] that combines two equations: k-€
and k-w. Validation of this model is done by comparing the velocity of backward facing flow with an
error value 5% lower than baseline (BSL) k-w model of 8% [19], [23]. This is because this model
changes the adverse pressure gradient into eddy-viscosity [23].

The secondary flow occurs in the propeller, openflume or Kaplan turbines apparently because the
pressure on the top of the blade is lower than the bottom, so a vortex occurs even though the water
velocity toward the outlet side is still more dominant [24]. The plug-hole vortex is indicated due to a
pressure decrease in the outlet side causing the water to be sucked into the draft tube. The plug-hole
vortex is a representation of the head energy of water. On the Turgo turbine secondary flow also
occurs because of an imbalance between pressure and centrifugal force in the wall due to the curved
flow field [34, 48, 49]. The Pelton turbine creates an irrational vortex because the water from the jet
follows the shape of a semi-circular bucket. This causes the water to have a tangential force so that
water whirls near the wall of the bucket [33]. Secondary flow, a plug-hole vortex and an irrational
vortex is turbulent flow which is influenced by scalar and vector of the flow velocity [50].

In propeller, Kaplan, Pelton and Turgo turbines, the literature study found that SST k-w has an
error value of under 5%, less than other models. The prediction of the turbulent flow in the Pelton
turbine was carried out using this model. The Pelton turbine was chosen because it has a complex
bucket geometry compared to the propeller and Turgo turbines and requires boundary conditions in
two phases [33]. From the simulation result, SST k-w can represent the actual condition of the Pelton
turbine where the error value is 4.8% [33].

4, Conclusions

There are five characteristics of turbulent flow: irregularity, a large Reynolds number, vorticity,
dissipation and continuum [16]. The results of the study determined that the flow profile that occurs
is irregular (see Figure 3); the Reynolds number flow is 420,972, within the turbulent flow category;
vorticity occurs with the prediction using isotropic assumptions; flow dissipation occur (see Figure 6);
and is continuous because turbulent kinetic energy is supplied from main flow. Thus, the category of
water flow in a pico hydro turbine with power potential 1 kW is turbulent flow.

From the literature study, the prediction of turbulent flow in a pico hydro turbine can be
performed using three models: standard k-¢ is recommended for the overshot waterwheel, RNG k-¢
is recommended for the undershot waterwheel and cross-flow turbine, while SST k-w is
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recommended for propeller or openflume, Pelton, breastshot waterwheel and Turgo turbines.
However, these recommendations do not constitute a final conclusion because a good turbulent
model is based on actual conditions.
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